Introduction
============

Semiconductor photocatalytic materials have been extensively studied in the fields of environmental purification due to their potential to destroy a wide range of pollutants at ambient temperatures and pressures, without producing harmful byproducts \[[@B1],[@B2]\]. In a photocatalytic oxidation process, organic pollutants are destroyed in the presence of semiconductor photocatalysts (e.g., TiO~2~, ZnO), an energetic light source, and an oxidizing agent such as oxygen or air \[[@B3]\]. Metal oxide semiconductors have been found to be the most suitable photocatalysts which is due to their photocorrosion resistance and their wide band gap energies. Among them, TiO~2~ has been studied most. On the other hand, ZnO which has high photoactivity, chemical stability, low cost and the band gap similar to TiO~2~, can be a good alternative for it \[[@B4]-[@B6]\]. Many types of photocatalytic reactors have been proposed according to respective application demands, but among them, a slurry type reactor is most attractive for degrading undesirable organics dissolved in water in terms of reaction surface area per unit volume of the reactor \[[@B7],[@B8]\]. However, the system using suspended photocatalyst particles requires a separation step to recover the photocatalysts. In this case, suitable techniques of high cost such as centrifugation or filtration steps are necessary to reuse fine photocatalyst particles \[[@B9]\]. Magnetically separable photocatalysts have attracted increasing attention due to their scientific and technological importance in the environmental purification, especially in wastewater treatment. Magnetic supports could eliminate the separation step, because the photocatalyst could be effectively recycled by applying an external magnetic field \[[@B10]\]. Although ZnO nanoparticles have been used as a photocatalyst \[[@B11]-[@B14]\], the Fe~3~O~4~/ZnO core/shell MNPs have not been sufficiently investigated \[[@B15]\]. In this case, both the core and the shell are of interest. The magnetic core enhancing the separation properties of suspended particles from solution and the photocatalytic properties of the outer shell zinc oxide are used to destroy organic contaminants in waste waters \[[@B16]\]. In this work, Fe~3~O~4~/ZnO core/shell composite catalyst was synthesized. This photocatalyst is produced by coating a layer of the zinc oxide onto the surface of magnetite core using precipitation method. The effect of parameters such as calcination temperature, calcination time, and molar ratio of Fe~3~O~4~:ZnO on the photocatalytic activity was studied by using Taguchi method. Phenol, which is well known for its biorecalcitrant and acute toxicity, was the organic matter used in this work \[[@B11],[@B12]\].

Experimental
============

Materials
---------

Ferric chloride (FeCl~3~.6H~2~O), ferrous sulfate (FeSO~4~.7H~2~O), Zinc acetate (ZnAc~2~.2H~2~O), aqueous ammonia (NH~3~.H~2~O) and phenol (C~6~H~5~OH) were obtained from Merck company and ammonium carbonate ((NH~4~)2CO~3~) was purchased from Daejung (South Korea) and used without further purification.

Synthesis
---------

A co-precipitation method was used to synthesize the Fe~3~O~4~ magnetic nanoparticles (MNPs). Co-precipitation is a facile and convenient way to synthesize MNPs from aqueous salt solutions. There are three controllable parameters have been used for the synthetic procedure which each parameter has three levels (Table [1](#T1){ref-type="table"}). Also, the experimental conditions are presented in Table [2](#T2){ref-type="table"}\[[@B17]\]. This process was done by addition of ammonia to the mixture of ferric chloride (0.5 M) and ferrous sulfate (0.5 M), with molar ratio of 1.75:1 under inert argon protection, until pH value reached to 9. After 30 min stirring, the precipitate had been collected using a magnet and washed with deionized water until pH reached to 7. The modification process was accomplished via sonicating the mixture of 4 g Fe~3~O~4~ and 200 mL sodium citrate (0.5 M) for 20 min and stirring the mixture for 12 h at 60°C under argon protection. Then the precipitate was collected and rinsed with acetone. The Fe~3~O~4~/ZnO core/shell MNPs were prepared by coating the modified Fe~3~O~4~ MNPs with direct precipitation using zinc acetate and ammonium carbonate. The modified Fe~3~O~4~ was added to 100 mL of deionized water and sonicated for 20 min to make a stable ferrofluid. Then 20, 30 and 50 mL of this ferrofluid were added into a flask to form Fe~3~O~4~/ZnO composite with molar ratios of 1:6, 1:10 and 1:15 for Fe~3~O~4~:ZnO respectively. Two solutions were made by adding 12.16 g ZnAc~2~.2H~2~O and 7.6 g (NH~4~)2CO~3~ into 100 mL of deionized water respectively. These two solutions were added dropwise to the flask for each experiment. The collected precipitate was washed with water, aqueous ammonia (pH 9) and ethanol and then it was dried under vacuum for 12 h and calcined according to desired calcination temperature and time. ZnO would be produced when no ferrofluid exists in the flask.

###### 

Variable factors

  **Factor**   **Description**                **Level 1**   **Level 2**   **Level 3**
  ------------ ------------------------------ ------------- ------------- -------------
  A            Calcination temperature (°C)   350           450           550
  B            Molar ratio of Fe~3~O~4~:ZnO   1:6           1:10          1:15
  C            Calcination time (h)           2             3             4

###### 

Design of experiments

  **Number of experiment**   **Calcination temperature (°C)**   **Molar ratio of Fe**~**3**~**O**~**4**~**:ZnO**   **Calcination time (h)**
  -------------------------- ---------------------------------- -------------------------------------------------- --------------------------
  1                          350                                1:6                                                2
  2                          350                                1:10                                               3
  3                          350                                1:15                                               4
  4                          450                                1:6                                                3
  5                          450                                1:10                                               4
  6                          450                                1:15                                               2
  7                          550                                1:6                                                4
  8                          550                                1:10                                               2
  9                          550                                1:15                                               3

Characterization
----------------

In all analysis, sample number 8 was examined as Fe~3~O~4~/ZnO core/shell particles. The X-ray diffraction pattern of the samples was measured in an Equinox 3000 (Inel France). The crystallite dimensions of particles were calculated using Scherrer's equation and nanoparticles of Fe~3~O~4~, modified Fe~3~O~4~, ZnO and Fe~3~O~4~/ZnO core/shell were examined by a Phillips scanning electron microscopy (SEM). Fourier transform infrared (FTIR) spectra obtained using a KBr method in a Perkin Elmer analyzer, USA.

**Photocatalytic tests**
------------------------

Photocatalytic degradation of phenol was performed in a slurry batch reactor which consisted of cylindrical glass vessel, quartz trap, magnetic stirrer and a Philips 11 W UV-C lamp located at the center of the reactor. The schematic figure of the reactor is shown in Figure [1](#F1){ref-type="fig"}. In all experiments, 200 mL phenol solution (100 ppm) was taken in photocatalytic reactor and pH value of solutions had been adjusted to 5. Then 1 g/L of synthesized catalyst was added and the mixture was stirred magnetically to obtain homogeneous suspension. Before irradiation, the reaction mixture was put in darkness for 30 minutes to achieve maximum adsorption of the phenol onto the catalyst surface. After 5 h, a sample was taken and photocatalyst particles were separated using a strong magnet in a few minutes.

![Schematic figure of the reactor.](2052-336X-12-21-1){#F1}

COD determination was utilized to analyze the samples. The COD determination tests were performed according to standard dichromate method \[[@B18]\]. The photodegradation efficiency was calculated from the following expression:

$$\eta = \left( \left( {{CO}D_{i}‒{CO}D_{t}} \right)/{CO}D_{i} \right)*100$$

where η, COD~i~ and COD~t~ are photodegradation efficiency, initial chemical oxygen demand, and chemical oxygen demand at time t respectively.

Results and discussion
======================

XRD patterns
------------

The X-ray diffraction patterns of samples modified Fe~3~O~4~, Fe~3~O~4~, ZnO and Fe~3~O~4~/ZnO core/shell presented in Figure [2](#F2){ref-type="fig"}(a-d). As it is shown in Figure [2](#F2){ref-type="fig"}a, the XRD peaks can match well with peaks of Fe~3~O~4~ (Figure [2](#F2){ref-type="fig"}b), which is in agreement with work done by Wei et al. \[[@B19]\]. This fact indicates that the crystalline structure of Fe~3~O~4~ MNPs can be remained after the surface modification with sodium citrate. By using Debye--Scherrer equation d = Kλ/(βcosθ), the average crystallite sized was calculated about 13.9 nm (a), 11.2 nm (b) for modified Fe~3~O~4~ and Fe~3~O~4~, respectively. Figure [2](#F2){ref-type="fig"}d represents the XRD pattern of Fe~3~O~4~/ZnO core/shell. Considering this figure, it is shown that after coating, we have enhancement in peak intensity which is caused by overlapping of Fe~3~O~4~ peaks. Results were obtained from Hong et al. \[[@B15]\] confirm these results.

![**XRD patterns of (a): modified Fe**~**3**~**O**~**4**~**(b): Fe**~**3**~**O**~**4**~**(c): ZnO (d): Fe**~**3**~**O**~**4**~**/ZnO core/shell.**](2052-336X-12-21-2){#F2}

SEM images
----------

Fe~3~O~4~MNPs SEM images with sodium citrate are presented in Figure [3](#F3){ref-type="fig"}a and [2](#F2){ref-type="fig"}b before and after treatment, respectively. It is shown that the dispersion of modified iron oxide is better than unmodified one. Figure [3](#F3){ref-type="fig"} represents ZnO and Fe~3~O~4~/ZnO core/shell particles. The average particle size was obtained about 57 and 48 nm, respectively.

![**SEM images of (a): Fe**~**3**~**O**~**4**~**(b): modified Fe**~**3**~**O**~**4**~**(c): ZnO (d): Fe**~**3**~**O**~**4**~**/ZnO core/shell.**](2052-336X-12-21-3){#F3}

FTIR spectrum
-------------

Figure [4](#F4){ref-type="fig"} shows the FT-IR spectra of Fe~3~O~4~/ZnO core/shell MNPs. It can be seen that the characteristic absorption of Fe-O bond is at 582.78/cm and 620.21/cm, while that of -OH bond is at 3449.26/cm. The absorptions at 1395.25/cm and 1591.29/cm are characteristic peaks of the COO-Fe bond, which may be due to the reaction of hydroxide radical groups on the surface of Fe~3~O~4~ with carboxylate anion of sodium citrate. These peaks reveal that sodium citrate has been successfully grafted onto the surface of Fe~3~O~4~ MNPs. Also, the adsorption at 449.96 refers to Zn-O bond. Combining with XRD results, it is concluded that ZnO had been coated on the Fe~3~O~4~, successfully.

![**FTIR spectrum of Fe**~**3**~**O**~**4**~**/ZnO nanoparticles.**](2052-336X-12-21-4){#F4}

Photoactivity
-------------

For each experiment, photo activity was examined according to photo degradation test and results are given in Table [3](#T3){ref-type="table"}. It is observed that experiment number 8 has the highest phenol removal efficiency and also maximum value for mean of S/N. The aim of this study is to maximize the photodegradation of phenol, thus the higher signal to noise ratio S/N is better. Table [4](#T4){ref-type="table"} shows the mean values of S/N for all factors in their levels, $M_{\mathit{level}}^{\mathit{factor}}$. According to this table, optimum conditions for synthesis of catalyst are: calcination temperature of 550°C, molar ratio of 1:10 for Fe~3~O~4~: ZnO and calcination time of 2 h. At these conditions, photodegradation of 88% for 100 ppm initial phenol solution (pH = 5) with 1 mg/l catalyst is obtained after 5 hours irradiation which is comparable with results obtained by Pardeshi and Patil \[[@B11]\], (75.24% degradation for a 75 ppm phenol solution at pH = 5 with 1 mg/L ZnO after 8 hours sunlight irradiation) and also results obtained by Salah and his coworkers \[[@B6]\] (92% degradation after 5 hours irradiation of UV lamp for a 50 ppm phenol solution with 2 g/L TiO~2~). These results indicate that this novel catalyst possess high photodegradation ability and could be an effective alternative catalyst in photocatalysis of contaminated water.

###### 

**The**$\left( \frac{S}{N} \right)$**ratio of each test**

  **Number of experiment**   **Calcination temperture (°C)**   **Molar ratio of Fe**~**3**~**O**~**4**~**:ZnO**   **Time of calcination (h)**   **Y1%**   **Y2%**   **Y3%**   $$\left( \frac{S}{N} \right)$$**average**
  -------------------------- --------------------------------- -------------------------------------------------- ----------------------------- --------- --------- --------- -------------------------------------------
  1                          350                               1:6                                                2                             82        83        84        38.3803
  2                          350                               1:10                                               3                             78        80        76        37.8362
  3                          350                               1:15                                               4                             57        55        56        34.9610
  4                          450                               1:6                                                3                             68        74        71        37.0096
  5                          450                               1:10                                               4                             72        73        70        37.1024
  6                          450                               1:15                                               2                             80        78        83        38.0895
  7                          550                               1:6                                                4                             62        65        65        36.1171
  **8**                      **550**                           **1:10**                                           **2**                         **85**    **86**    **88**    **38.7209**
  9                          550                               1:15                                               3                             75        76        78        37.6508

###### 

$\left( \frac{S}{N} \right)$**ratio response**

  $$\frac{\mathit{factor}}{\mathit{level}}$$   $$\left\lbrack \left( \frac{S}{N} \right)_{\mathit{factor}}^{\mathit{level}} \right\rbrack_{j}$$   $$M_{\mathit{factor}}^{\mathit{level}}\quad$$               
  -------------------------------------------- -------------------------------------------------------------------------------------------------- ----------------------------------------------- ----------- --------------------
                                               **j = 1**                                                                                          **j = 2**                                       **j = 3**             
  A/1                                          38.3803                                                                                            37.8362                                         34.9610           37.0592
  A/2                                          37.0096                                                                                            37.1024                                         38.0895           37.4005
  A/3                                          36.1171                                                                                            38.7209                                         37.6508      **[37.4963]{.ul}**
  B/1                                          38.3803                                                                                            37.0096                                         36.1171            37.169
  B/2                                          37.8362                                                                                            37.1024                                         38.7209      **[37.8865]{.ul}**
  B/3                                          34.9610                                                                                            38.0895                                         37.6508           36.9004
  C/1                                          38.3803                                                                                            38.0895                                         38.7209      **[38.3969]{.ul}**
  C/2                                          37.8362                                                                                            37.0096                                         37.6508           37.4989
  C/3                                          34.9610                                                                                            37.1024                                         36.1171           36.0602

A: calcination temperature (°C), B: molar ratio of Fe~3~O~4~: ZnO and C: calcination time (h).

Conclusion
==========

Fe~3~O~4~/ZnO nanoparticles were synthesized by precipitation method. According to Taguchi method, the optimum conditions for synthesis of catalyst were achieved at 550°C for calcination temperature, 1:10 formulation of Fe~3~O~4~: ZnO, and 2 h calcinations time. XRD and FTIR analysis show that coating process was done successfully. SEM images indicate that the average particle size of synthesized Fe~3~O~4~/ZnO nanoparticles was about 48 nm. The recyclable nanoparticles exhibited good activity for the photodegradation of phenol under UV light irradiation, so that 88% removal of phenol (100 pm) is achieved after 5 h. Hence, the Fe~3~O~4~/ZnO nanopartcles could be an effective recyclable catalyst for photodegradation of phenol.
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